The purpose of this paper is to demonstrate the complementary utility of chlorophyll fast fluorescence OJIP transient (from 50 µs to 1s) measurements in the aerial study of rows of trees. We identify limitations in photochemical events induced by urban injuries on Platanus acerfolia L., using the JIP-test procedure. The Performance Index (PI ABS ) showed the largest dynamic range to characterise the vitality of trees. Individual trees were graded into three quality groups based on the individual PI ABS value compared to the overall average for trees in the alley. These groups are: high performers, with PI ABS 50 % higher than the alley average; normal trees, with a deviation from the alley average between -50 % and + 50 %; and poor performers, whose deviation from the alley average was -50 % or less. Trees also were grouped into five vitality categories on the basis of a stereoscopic and morphologic observation of the symmetry of tree crowns, percentage of defoliation and reflectance property in the visible and infra-red range. Here, we report a remarkable correlation between the airborne remote sensing data and the on-site fluorescence measurements. 
Introduction
Parks and gardens are a vital recreational element in our towns and cities. It has been recognised that these vegetative ‹islands› provide more than an aesthetic contribution to the quality of life. Therefore, efforts have been made to emphasise the importance of trees in cities, and it has become a priority to investigate the behaviour and physiological needs of trees. Urban plants must tolerate hostile environmental conditions that affect plant health. Tree photosynthesis is restricted by the stress induced by various artificial environmental forces. These include nutrient deprivation (Pereira et al. 1992 , Morales et al. 2000 , drought (Marsal and Girona 1997) , water excess and soil compaction (Day et al. 2000) , and chemical soil pollution due mainly to the accumulation and storage of de-icing salts (Percival et al. 1998) . Moreover, atmospheric pollutants such as ozone (Lütz et al. 2000 combine with climatic stress factors such as limiting or excess solar radiation (Sullivan and Teramura 1994, Zeuthen et al. 1997 ) and wind speed (Clark et al. 2000 b) , to damage tree health. Given such conditions, the demand for diagnostic tools to measure tree vitality has become significant. Visual examination of leaf senescence and analytical procedures are used to assess tree vitality. Representative soil and leaf sampling, followed by analysis using standard or approved techniques, confirms the availability of mineral nutrients, but does not convey any accurate information about physiology. It has become common in most urban management projects to probe tree physiology by ‹biosensing› techniques. Application of biospectroscopy to environmental investigation mainly involves spectral reflectance and chlorophyll fluorescence monitoring. Leaf pigment content can be determined in situ by spectral reflectance measurement (Gitelson and Merzlyak 1994 , Peñuelas and Filella 1998 , Barton 2001 . By analysing the reflected light at a distance, it becomes possible to infer plant biomass and growth performance. Chlorophyll fluorescence techniques complete the investigation into the photosynthetic rates of plants under varied environmental conditions. Chlorophyll a fluorescence emitted by PSII turns out to be an easy tool for screening the photosynthetic vitality of plants as well as tissues and cells (Strasser et al. 1995) . Accurate information on the efficiency of photochemical and de-excitation processes involved in light conversion can be gathered using this technique (Maxwell and Johnson 2000) . As PSII is known to be one of the prime victims of stress conditions (Zeuthen et al. 1997 , Morales et al. 2000 , inferring PSII behaviour provides a diagnosis of the primary stress effects of urban injuries on the trees. Moreover, the technical possibilities in opto-electronics offer ways to infer biophysical aspects of samples in situ. The common approach of fluorimetric studies consists of measuring the fluorescence origin and maximum values, and in calculating parameters such as F V /F M ratio. Strasser et al. (2000) have provided a further analysis of the OIJP fast fluorescence rise, measured from 50 µs to 1 s upon illumination of the photosynthetic sample, and has discovered the bridge between this physical signal and the biological functions. Srivastava et al. (1999) developed a Performance Index that has permitted precise documentation of the vitality decrease of beech fumigated with O 3 .
For a global approach to stress detection, infra-red aerial images assist in evaluating weak trees for which support is required. The aim of this work is to demonstrate the complementary utility of fluorescence measurements for the study of urban tree vitality. We compare the stereoscopic analysis drawn from aerial pictures and correlated by field observation with parameters derived from the fast fluorescence rise. We show that study of the JIP-test parameters provide an overview of the effect of urban stress on trees.
Material and Methods

Location
The study was performed on August 29 and 30, 1999, on two rows of centenary Platanus acerfolia L., located on the Boulevard du Souverain in the city of Brussels, Auderghem. The avenue, oriented in a North-South direction, supports heavy traffic on 2 × 3 lanes. The trees are planted on a central parking platform, covered with compacted sand and raw dolomite.
Chl a fluorescence transient measurements
To characterise their vitality, 40 fast fluorescence transients were recorded on leaves from the crowns of 60 trees. Measurements at ambient temperature were performed with a Plant Efficiency Analyser chlorophyll fluorometer (Hansatech Instruments, King's Lynn, Norfolk, UK). During the measurement, the sample was shielded from ambient light by a clip system to reach a dark adapted state (30 min adaptation to the dark) and illuminated with 660 nm light from an LED source built into the fluorometer sensor. Continuous light excitation (at 4500 µmol/m 2 s) was provided by an array of six light-emitting diodes focused on the leaf surface to provide homogeneous irradiation over a 4 mm diameter leaf surface. 
Aerial images acquisition
Photographs were taken on film (Kodak Aerochrome Infrared Film 2443 -Estar Base) with a spectral range from green to near infra-red. The pictures were analysed by Eurosense  based on a stereoscopic morphological observation, classifying trees into five vitality categories.
Statistical treatment
The five points F 50 µs (= F O ), F 300 µs , F 2 m s , F 30 m s and F M extracted from the fluorescence transient were analysed. The difference of means between the categories of trees was tested using a univariate analysis of variance test (ANOVA). The statistical analyses were done using the SAS system.
Results
Airborne remote sensing
Aerial images are regularly made by Eurosense  , a company specialising in airborne remote sensing and in picture interpretation. For the investigation presented here, one aerial picture of the Boulevard du Souverain is shown in Figure 1 . Tree sanitary state is described in five classes, with respect to overall degree of damage. Each tree was placed within one of five categories numbered from 0 to 4. The vitality criteria of the five categories are defined as follows: Cat 0 -worst, nearly dead or totally defoliated trees. Cat 1 -partially defoliated trees, in unsatisfactory health conditions, with a category subdivision based on the crown characteristics (symmetrical, irregular and totally irregular crown). Cat 2 -trees showing an abnormal crown reflection in the visible range compared to the usual colours for the tree species in non stress conditions. A subdivision regroups trees according to the functionality of the decoloured portion of the crown on real colour images: less than 1/3, between 1/3 and 2/3, and more than 2/3. Cat 3 -trees without any external visual degradation symptoms, but which show a deviation in infrared reflection. 
On-site fluorescence measurements
In the alley, branches were cut from the crowns of sixty trees, labelled and kept in darkness for at least an hour before measuring. About 40 samples per tree were measured, each for one second, with a saturating red actinic light delivered by the portable fluorometer PEA (see Materials and Methods). 1200 digital data points per sample were analysed using the JIP-test procedure (Strasser et al. 1995 . The appendix shows the derivation of some biophysical characteristics (energy fluctuations and yields) calculated from the minimum and maximum fluorescence intensities (F O and F M ) and the fluorescence intensities selected at 300 µs, Another part is channelled to the reaction centre RC, as trapping flux TRo. In the reaction centre, the excitation energy is converted into redox energy by reducing the electron acceptor Q A to Q A -, which is then reoxidised to Q A , creating an electron transport ETo. The three yields ϕ Po , ψ o and ϕ Eo are directly related to the three energetic fluctuations, as the ratio of any two of them. The maximum quantum yield of primary photochemistry ϕ Po = TRo/ABS represents the probability that an absorbed photon is trapped by the RC and used for primary photochemistry, reducing Q A to Q A -. ψ o = ETo/TRo represents the efficiency with which a trapped exciton moves an electron further than Q A -in the electron transport chain. ϕ Eo (= ETo/ABS) represents the probability that an absorbed photon moves an electron into the electron transport chain. Therefore ϕ Eo = ϕ Po * Y o .
An overall photosynthetic Performance Index (PI) has been defined and was calculated for each sample . The overall PI of the alley is given by the average of all measured PIs (about 2400 samples). This value allows the grading of each individual tree into three quality groups, one above, one below and one within the average of all trees. The deviation of the average PI value of each tree from the reference value of the alley is indicated in Figure 3 as + ∆PI ABS respectively -∆PI ABS . Two groups were selected from the 60 trees: one with the high performer trees with a ∆PI ABS value higher than + 50 % and the second group of poor performer trees with a ∆PI ABS value exceeding -50 %. ANOVA statistical analyses on means of the 5 fluorescence values extracted from the OJIP transient [F 50 µs (= F O ), F 300 µs , F 2 m s , F 30 m s and F M ], indicate significant differences (α = 0.05) among the 3 categories (high performer, normal and poor performer trees).
The relative Performance Index PI ABS was compared to the electron transport (Fig. 4) . All calculations are presented relative to the total chlorophyll absorption. The data for all trees fell on a straight line when the photosynthetic Driving Force (DF = log PI) was plotted against the relative electron transport activity (ETo/ABS)rel. The data in Figure 4 clearly show that the selected trees fall on both extremes of the plot. All poor performer trees have low values, while high performer trees show the highest values. The axis of Figure 4 is chosen in such a way that the force/flux relationship becomes apparent in the straight line within the coordinate system driving force versus electron transport. The slope of this line (DF = log PI within the coordinate system versus ETo/ABS) can be considered as a typical property of all measured trees in the transformation of absorbed light energy into chemical energy that is conducted further to the metabolic reactions. Figure 4 also allows comparison of the sensitivity of the two parameters DFrel and ETo/ABS. It appears that the most sensitive parameter calculated according to the equations of the JIPtest is the Performance Index. For example, for a deviation of 100 % from the PI average value of trees, the electron transport would only increase of about 25 %.
The main goal of this investigation is to determine whether or not a direct correlation exists between the airborne remote sensing data and the on-site fluorescence measurement. The variations in the PI values versus the quality classes from 0 to 4, defined on the basis of the airborne images, show an exponential relationship (Fig. 5 A) . By fitting the exponential curve to the data, a minimum PI value (called PIas), which corresponds to the asymptote of the function, can be determined. Therefore, the logarithmic value of the ratio PIrel -PIas falls on a straight line when plotted against the quality class from zero to five (Fig. 5 B) . The average PI value of all 60 trees falls between the quality class 2 and 3. According to the performance index, PI, the high performer trees fall into the quality class 4 and the poor performer trees into the quality class 1, on the scale established from aerial photographs.
Beside the Performance Index and electron transport (e.g. Fig. 4) , the JIP-test allows calculation of different types of biophysical expressions such as vitality indices, phenomenological fluctuations, flux ratios or yields and specific fluctuations (see Appendix for calculations). To study the mechanisms of photosynthesis in each sample (e.g. for the high performer trees or poor performer trees in Fig. 6 ), so-called pipeline models have been developed and can be calculated and drawn on the basis of the experimental signals. For each group of trees, two pipeline models are shown. One is the membrane model, regrouping the specific energy fluctuations ABS/RC, TRo/RC, DIo/RC and ETo/RC and the average antenna size per one active reaction centre (open small circle). The second model, the leaf model, shows the phenomenological energy fluctuations per leaf cross section, or leaf area, such as ABS/CS, TRo/CS, DIo/CS and ETo/CS and the density of fully active reaction centres (open white circles). The small black circles are calculated as heat sinks that absorb the light in the same way as active reaction centres. These heat sinks are not able to store the excitation energy as redox energy, however, but they dissipate their total excitation energy as heat (heat sink centres or silent centres). The green colour of the sample or chlorophyll content per cross section is calculated by the Biolyzer software and drawn as the back- ground grey colour of the leaf model. It appears that the poor performer trees have much less chlorophyll per cross section and fewer active units (open circles) than high performer trees. Therefore, the poor performer trees have a much lower electron transport per leaf cross section.
Discussion
In the context of a biophysical approach toward assessing tree quality, fluorescence measurement techniques offer a way to measure fluorescence at canopy leaf scale. Different methods can be used to approach the leaves with the instrument. In the experiments reported in this work, tree climbers cut the branches.
Opto-electronic techniques explore biophysical aspects of photosynthetic functions close to the PSII of many trees. This powerful method allows the rapid and cost effective establishment of databanks containing large data sets. Moreover, the theoretical JIP-test concept (Strasser et al. 1995 , 1996 , Srivastava et al. 1999 , Strasser and Tsimilli-Michael 2001 , derived from the primary fluorescence signal, is successfully applied to screen tree vitality in the particular biotope of the city. Among the constellation of the JIP expressions, one of the most sensitive is the PI. This parameter encompasses fluorescence transient changes associated with changes in antenna conformation and energy fluctuations. Therefore, the PI helps to estimate tree vitality with high resolution. Furthermore, it provides a way of establishing vitality categories and distinguishing trees with respect to their photosynthetic behaviour. In order to establish these categories, the average PI is regarded as a common reference to all individual values. This reference allows the calculation of a relative score that could not be considered an absolute performance of the tree (e.g. Platanus performance). For instance, forest trees could have a higher PI than urban trees, which are submitted to anthropomorphic activities. In this case, the average value of the alley should be lower than the average value of a forest.
This study helps to establish a grading of the trees in the alley and to adapt care and maintenance programmes and adjust treatment of the most fragile trees. In order to approach an absolute vitality value, different sites (urban trees, Figure 5 . Comparison between the Performance Index and the stereoscopic morphological observations (category) based on the aerial image (see Fig. 1 ). Each tree has been classified in a category by an integer number ranging from one (worst, nearly dead tree) to four (most healthy tree). A. The average Performance Index (PIrel) of the trees and the score classification (category 1, 2, 3 and 4) are plotted on the ordinate. By exponential fitting, an asymptotic level PIas was determined. B. A highly accurate (R 2 > 0.9) linear relationship is shown between the Log(PIrel-PIas) and the qualitative classification categories from zero to five. urban forests, urban green area and non urban forests) should be compared to infer species vitality. Comparison to other criteria may also serve as external references, for example on site morphological observations, other biophysical measurements (leaf reflectance, fluorescence imaging) or airborne image analysis. In this case, fluorometric investigation correlates remarkably well with stereoscopic morphologic observations and with the categories derived from it.
Quality mapping based on the individual Performance Index value is possible. This will create a sector map defining favourable and unfavourable zones and an individual map within each zone. The use of relative values also will enable comparison of the vitality of different tree species. Such mapping applied to the Boulevard du Souverain permits the detection of the most poorly performing trees situated to the South and the West of the alley. This will guide us in searching for the possible hostile factors present in that area. Finally, the pipeline model is a valuable tool for visualising the primary stages of photosynthesis. It gives a simple representation of the main energy fluctuations through the sample and it allows the visual comparison of various trees or groups of trees (e.g. poor performer versus high performer).
The reliability of the JIP-test, as well as the amount of information it provides, make it a sensitive tool for assessing the vitality of different biotopes. The limitation in the interpretation of the results comes from the fact that a number of stress factors are implicated. However, the method has been successfully applied in experimental conditions in which only one or a limited number of factors dominated a, b, Tsimilli-Michael et al. 2000 , Misra et al. 2001 . It is clear that the trees within this alley present an extremely heterogeneous case. Therefore, traditional analytical approaches would be time consuming and expensive. The development of a biophysical test procedure as well as aerial remote sensing coupled with stereoscopic interpretation, provide a rapid method of measuring mean, including the possibility of characterising each tree as a distinct element in the alley. Although each of these techniques has advantages and disadvantages, they agree with each other and provide identical results. The aerial remote sensing method provides a quality assessment of a large city area, making it the most advantageous technique, but it requires highly qualified staff. By contrast, non specialised people can execute the fluorescence test at the leaf scale with commercial portable instruments and minimal instruction. Moreover, as the measuring time is very short (a few seconds per sample), the increased number of measured samples allows extensive statistical treatment of the data. The Performance Index, keeping a general overview of the photochemical events, correlates well with other, highly time-consuming quality assessment methods. Moreover, through the PI calculation, the heterogeneity of the vitality of trees in the alley could be described. The overall health of the alley has to be calibrated with other techniques and the estimations of specialists as well as by comparison with trees in similar situations. Each study contributes to the databanks concerning the health of urban trees and the accuracy of the quality assessment increases each time.
Finally, fluorometric investigation correlates remarkably well with classical tree observations. Its reliability and the amount of information derived provide an accurate and adequate tool for the vitality surveys of trees. The fluorescence technique is a tool used to distinguish normal and abnormal behaviour of the trees and it locates the problem in the special biotope of the city. The JIP-test procedure is a supplementary step in the quality assessment and allows an early diagnosis of most biological deregulation. It provides arguments for the politicians and helps to influence the decision for further phytosanitary intervention.
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The specific fluxes expressed per reaction centre ( The expression Chl RC /Chl ant is the probability that a chlorophyll molecule is a reaction centre chlorophyll. Therefore, the PI ABS is composed of three expressions of the form P x /(1 -P x ). More components can be defined to make the PI a specific expression for many types of stress.
